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Following the commercialization of the GaN-based laser diode ͑LD͒ with an emission wavelength at 405 nm as a light source of the Blu-Ray Disc, the blue InGaN LD with an emission wavelength near 450 nm have attracted growing interest these days. The blue laser made from GaN-based materials is expected to play a key role as a blue light source in the future full-color laser display systems. Recently, highperformance characteristics of blue InGaN LDs operating in the wavelength range of 440-460 nm have been demonstrated by several groups.
1-6 Specifically, low threshold current density ͑Ͻ2 kA/ cm 2 ͒, 1,2 high wall plug efficiency ͑Ͼ15% ͒, 3,4 and high power ͑Ͼ500 mW͒ ͑Refs. 4 and 5͒ operation have been reported. By the way, compared to lots of works on the device characteristics of blue LDs, underlying device physics based on the experimental study has been relatively unexplored. In this paper, we report on the investigation of internal parameters in blue InGaN LDs emitting at 445 nm. Internal efficiency, internal loss, and gain parameters are extracted from the cavity-length dependent characteristics of blue LDs. The internal efficiency and the internal loss in violet LDs emitting at 405 nm were reported several years ago. 7, 8 However, there have been few reports on these internal parameters in the blue LD cases. The optical gain of InGaN LDs has been studied by spectral measurements based on the Hakki-Paoli method. [9] [10] [11] Although this method is proven to be useful and precise, it is limited to carrier density below threshold and requires very high resolution spectroscopy. In this work, we study the gain characteristics of blue LDs based on the threshold values of gain and current density.
The laser structure is basically the same as our recent reports on blue LDs.
2,12 LD structures were grown on a c-plane sapphire substrate by metal-organic chemical vapor deposition using the lateral epitaxial overgrowth technique. The active layer has an In 0.15 Ga 0.85 N single quantum well ͑QW͒. The ridge width of fabricated LD samples is 2.6 m, and the reflectance of mirror coatings on the front and the rear facet are 56% and 95%, respectively. Cavity length of LDs has been varied from 650 to 1450 m with 200 m steps. The LD samples characterized at room temperature under continuous-wave operation condition. We tested 10-20 LD samples for each cavity length. Figure 1 shows typical light-current ͑L-I͒ curves of LD samples for the cavity length of 650, 850, 1050, 1250, and 1450 m. As the cavity length increases, threshold current increases and slope efficiency decreases as expected. In case of the 650 m cavity sample, threshold current and slope efficiency are 31.5 mA and 0.78 W / A, respectively, on average. The average peak wavelength above threshold was ϳ445 nm. The L-I curves show kink-free straight lines up to 100-150 mW for all cavity lengths, indicating fundamental single-transverse-mode operation at least up to 100 mW. The fundamental mode operation has also been confirmed by the far-field measurements. In 2 represent the average value and the standard deviation of measured data, respectively. The ratio of the average to the standard deviation is Ͻ10% for threshold current and Ͻ5% for slope efficiency, respectively, showing good sample-to-sample uniformity.
From the cavity-length dependence of the slope efficiency, one can determine internal efficiency and internal loss. 13 Slope efficiency is related to the dimensionless parameter, differential quantum efficiency, d which is expressed as
Here, dP / dI represents the slope efficiency and F is the fraction of output power from the front mirror relative to the total output power which is defined as follows:
where R 1 and R 2 are reflectances of the front and the rear mirrors. The mirror reflectance has been measured based on the ellipsometric analysis using a large-area reference sample. In the case of the LD facet, modal reflectance corresponding to the transverse mode profile should be used. The modal reflectance for the fundamental transverse mode has been calculated using the effective index method, and the deviation from the large-area reflectance has been estimated to be less than 1%. Differential quantum efficiency is related to internal efficiency, i and internal loss, ␣ i through the following equation:
where L is cavity length. Therefore, i and ␣ i can be determined from the linear fit of 1 / d versus L. In Fig. 3 , 1/ d is plotted as a function of L, which shows good linear trend of plotted data. From the linear fit of the data, internal loss and internal efficiency have been determined to be 10.5 cm −1 and 0.89, respectively. The internal loss of 10.5 cm −1 is lower than typically reported internal loss of violet LDs. 8, 11, 14 The low internal loss of our blue LDs is ascribed to the reduced scattering loss at ridge interface due to the relatively large ridge width of 2.6 m and the LD layer structure design for decreasing the overlap of optical mode distribution with Mgdoped layers. 9, 15 The internal efficiency of 0.89 seems to be somewhat low considering that the internal efficiency of violet LDs has been Ͼ0. 9. 7,8 This indicates that the active layer quality of blue LDs is still not better than that of violet LDs, implying that there is room for improvement in the performance of blue LDs through the optimization of active layer quality. In order to check the validity of the determined internal parameters, we have analyzed the stability of internal parameters with the variation of facet reflectance. Assuming 2% uncertainty of actual facet reflectance, the relative change of the internal parameters has been found to be less than 5%, indicating reasonably good reliability of the determined internal parameter values.
In Fig. 4 , threshold current density, J th is plotted as a function of reciprocal cavity length. Threshold current density is inversely proportional to the cavity length and good linear trend is observed in the measured range. From the linear fit of J th versus 1 / L, an infinite-cavity-length threshold current density was obtained to be 0.96 kA/ cm 2 . From the knowledge of the J th versus 1 / L relation and ␣ i value, it is possible to construct the modal gain versus current-density characteristics. At threshold, the modal gain, ⌫g th is expressed as 
where ⌫ is the optical confinement factor which is calculated to be 0.7% in our single QW blue LD structure. From Eq. ͑3͒, threshold gain, g th at given cavity length can be determined using the known values of ⌫, R 1 , R 2 , and ␣ i . Therefore, by combining the J th versus 1 / L relation and the g th versus L relation, one can determine material gain versus current-density characteristics. In Fig. 5 , material gain is plotted as a function of current density. Threshold gain lies between 1800 and 2200 cm −1 depending on the cavity length. In the theory of optical gain and current relations in semiconductor materials, gain can be approximated as g = g 0J ln͑J / J tr ͒, where g 0J is a gain coefficient in the logarithmic gain versus current-density relation and J tr is transparent current density above which gain becomes positive. 13 In Fig.  5 , the gain versus current-density curve based on this model is overlaid on the plotted data. One can see that the theoretical curve fits quite well with the experimentally determined results. From the fitting of experimental data, gain parameters g 0J and J tr have been obtained to be 1200 cm −1 and 300 A / cm, respectively.
Let us relate these parameters with the gain parameters in the logarithmic gain-carrier density relation where gain is expressed as g = g 0N ln͑N / N tr ͒. Here, g 0N is a gain coefficient in the logarithmic gain versus carrier density relation and N tr is transparent carrier density. In high-quality InGaN QWs under sufficiently high current injection near threshold, radiative recombination becomes dominant carrier recombination process. 16 Then, J is approximately proportional to N 2 , and consequently g 0N becomes twice as large as g 0J . 13 In this way, g 0N can be estimated to be 2400 cm −1 . The magnitude of optical gain agrees reasonably well with the previously reported values of the optical gain in InGaN materials. 11, 17 In addition, we estimate N tr from the obtained value of J tr . Carrier density, N can be approximated as ͑ i J / Bqd͒ 1/2 , where B is a bimolecular recombination coefficient and d is the thickness of active layers. Assuming B to be 10 −10 cm 3 / s, N tr was obtained to be 0.8ϫ 10 19 cm −3 . This value of N tr is quite similar to that reported by theoretical studies. 14, 18 The gain parameters estimated in this work are consistent with previous results, indicating the validity of semiconductor gain models employed for the analysis of internal parameters in blue InGaN LDs.
In conclusion, internal parameters of blue LDs were investigated using the cavity-length dependent LD characteristics. Internal efficiency and internal loss have been respectively determined to be 0.89 and 10.5 cm −1 , which is comparable to those reported in high-performance violet LDs. In addition, a gain coefficient and transparency carrier density have been extracted from the cavity-length dependent threshold current density, and good correspondence with previous theoretical results has been found. 
